The nitridability at low temperatures (723-773 K) of Fe-Mo-C sintered steels has been studied: the possibility to realize hardened surface layers of appropriate characteristics has been examined also to reduce surface microstructure alterations (e.g. decarburization) and size and shape variations which may occur for therniochemical treatments at higher temperatures. In a semi-industrial ion-nitriding plant FeMo 1.5-C 0.3 (with martensitic matrix) and Fe-Mo 1.5-C 0.5 (with bainitic matrix) sintered steels have been ion-nitrided at temperatures included in the range 7 2 3 4 2 3 K and for treatment times of 4+24 h. As previously noticed, the first sintered steel, if ion-nitrided at 823 K for more than 8 h, presents a surface hardness of about 700 HV but also a sharp hardness fall (down to 450 HV) immediately beyond the compound Iayer owing to decarburization phenomena. Reducing the treatment temperature (773 K) this effect does not appear: the nitrided layer shows a regular hardness profile, with maximum hardness value of 720 HV and thickness of about 100 pm, and consists essentially of the Fe4N Y' cubic nitride and Fe2.3(C,N) E hexagonal carbonitride. At the same time, the ion-nitriding treatment in the temperature range 7 2 3 4 2 3 K has been applied to the second sintered steel. In this case, no decarburization has been observed also for treatments at the highest temperature; the hardness profiles show a gradual decrease from 730 HV to the matrix value (350 HV), but the hardness depth results very limited also for treatment times of 24 h.
Introduction
In the surface treatment of iron sintered alloys the use of the ion-nitriding process results of particular interest to produce hardened surface layers, characterized by high wear and corrosion resistance, on mechanical components [I-71. In some previous works ion-nitriding experiments were carried out on sintered iron alloys of industrial use with different chemical composition, using chromium, copper, molybdenum, phosphorus and carbon as alloying elements . The results confirmed the liability of the ion-nitriding treatment to improve the surface mechanical properties of these materials and allowed to verify the Fe-Mo 1.5-C 0.3 sintered alloy as one of the most suitable. In fact, this alloy needs a relatively simple sintering process (especially, in comparison with chromium alloyed materials) and presents a good response to the thermochemical treatment when ion-nitrided in the quenched and stress relieved conditions [9, 101. This behaviour of the quenched and stress relieved material with regard to its nitridability can be attributed to its homogeneous microstructure of martensitic type. The surface hardness was optimized by treating this sintered steel at 823 K for 4 h in a N2 80 / H2 20 atmosphere: in fact, an increase of the treatment time did not improve the hardness profile owing to decarburization phenomena which influence hardness negatively [lo] . In order to reduce these negative effects, ion-nitriding treatments were planned and carried out at temperatures lower than the above indicated. It is well known, in fact, that decarburization is enhanced by temperature. In addition, a low temperature ion-nitriding can be advantageous as it causes a further reduction of the already low size and shape variations typical of this thermochemical treatment [ l l , 121. At the same time, this treatment has been applied to the Fe-Mo 1.5-C 0.5 sintered steel, that has been recently proposed as particularly appropriate for the ion-nitriding process at the sintered state, that presents a uniform bainitic matrix owing to the material chemical composition [13] . It can be observed that, if a good nitridability of this material was verified, the heat treatment of quenching and stress-relieving, before the ion-nitriding process, would be un-necessary, on the contrary of what happens for the Fe-Mo 1.5-C 0.3 sintered steel. Thus, in the present paper the results of ion-nitriding experiments carried out in the temperature range 7 2 3 4 2 3 K on samples realized in the Fe-Mo 1.5-C 0.5 sintered steel are reported and compared with the equivalent ones obtained on the Fe-Mo 1.5-C 0.3 sintered steel ion-nitrided in the quenched and stress-relieved conditions.
Experimental Procedure
The sintered steels samples, employed in the experimental tests, were produced using pre-alloyed Fe-Mo and graphite powders in the due percentages. Their chemical compositions, density and matrix microstructure, as well as the adopted sintering parameters are shown in 
(1) = Sintered, quenched from 1,133 K in oil at 333 K and tempered for 2 h at 453 K.
(2) = As sintered.
The ion-nitriding process has been carried out in a semi-industrial treatment plant with working conditions reported in table 11.
TAB. I1 -Ion-nitriding working parameters. 
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The morphology of the nitrided surface layers, their microstructural constitution and the microhardness profiles have been determined through light and scanning electron qicroscopies, energy dispersion spectroscopy, X-ray diffraction analysis (Cu ka radiation, A= 1.5406 A) and microhardness measurements.
Results and discussion
The materials indicated in table I have been ion-nitrided at 723-773-823 K for 4-8-24 h. The figure I shows the microhardness profiles determined in the surface layers of the Fe-Mo 1.5-C 0.3 samples nitrided at 723-773-823 K for 24 h. These profiles point out a surface hardening with a maximum hardness value of about 700 HV and a higher nitrided depth for the samples treated at low temperatures (723-773 K), while for the samples treated at 823 K a micro-hardness fall appears clearly in correspondence with the sub-surface zone adjacent to the compound layer, as observed also in a previous paper [lo] . The X-ray diffraction analyses have pointed out that the hardened surface layer of samples ion-nitrided at 823 K consists of the cubic nitride 7 ' prevalently and, in a reduced measure, of the hexagonal carbonitride E; on the contrary the samples treated at 773 K present the hexagonal carbo-nitride E as the predominant phase of the nitrided surface layer. This behaviour has also been determined in the samples treated at 723 K ( fig. 3) . Moreover, the X-ray diffraction analysis, carried out on the residue of the dissolution of the nitrided layers in concentrated hydrochloric acid, has shown the presence of the hexagonal molybdenum carbo-nitride Mo(C,N) [9] . In the same way, the ion-nitriding process was carried out also for the Fe-Mo 1.5-C 0.5 sintered steel samples with the operative modalities reported in table II. As already indicated this second alloy presents a matrix consisting of bainite at the sintered state. The figure 4 shows the microhardness profiles for the surface layers of the Fe-Mo 1.5-C 0.5 sintered steel samples ion-nitrided at 723-773-823 K for 24 h. It can be noted that the best results, in these experimental conditions, have been reached through treatments performed at the highest temperature (823 K), which in this case have not caused the microhardness fall in the hardened layers as shown, on the contrary, by the Fe-Mo 1.5-C 0.3 sintered steel. While the maximum microhardness is about 700 HV, the thickness of the nitrided depth is limited at 20-30 .urn and, practically, is not affected by the treatment times.
The morphology of the ion-nitrided surface layers, shown in figure 5 , points out the presence of a compound layer with thickness of about 10 pm and of a diffusion layer with a precipitation of carbonitrides in the bainitic matrix. As a function of the ion-nitriding temperature, the evolution of the constituent phases of the hardened surface layers has been determined by X-ray diffraction analysis and reported in figure 6 . It appears qualitatively analogous with that of the Fe-Mo 1.5-C 0.3 sintered steel, with a prevalence of the Y' phase, in comparison with the E phase, at the highest treatment temperature. -The ion-nitriding treatment carried out at low temperatures (723-773 K) on samples of Fe-Mo 1.5-C 0.3 sintered steel with stress relieved martensite matrix has produced interesting surface hardness and nitrided depth; in particular, the maximum hardness has been of about 700 HV and the nitrided layer thickness higher than 100 ,urn for 24 h treatments.
-The ion-nitrided surface layers have consisted of the cubic nitride 7' Fe4N and hexagonal carbonitride E Fez3(N,C); the relative abundance of they' phase increased with the treatment temperature.
-The low temperature treatments of the same alloy have allowed also to avoid the decarburization of the surface layers and so the hardness fall (down to 450 HV at 5 0 pm depth) noticed in samples ion-nitrided at 823 K for 24 h; -In comparison with the above mentioned material (Fe-Mo 1.5-C 0.3, quenched and stress-relieved) the Fe-Mo 1.5-C 0.5 sintered steel with bainitic matrix (as sintered) has been tested; ion-nitriding treatments, camed out with the same modalities {at 723-773-823 K for 4-8-24 h), have produced comparable values of surface hardness but nitrided depths notably reduced (about 30 pm) also for 24 h treatments.
-No decarburization phenomenon has been noticed in the surface nitrided layers of samples in Fe-Mo 1.5-C 0.5 sintered steel with bainitic matrix, also for treatments at the highest temperature for 24 h.
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Fig. 6 -X-ray diffraction spectra of Fe-MO 1.5-C 0.5 sintered steel samples ion-nitrided for 24 h.
JOURNAL D E PHYSIQUE IV
-With the adopted experimental modalities, the Fe-Mo 1.5-C 0.3 sintered steel, with stress-relieved martensitic matrix, has presented a better nitridability and the possibility to be successfully ion-nitrided also at low temperature (723-773 K).
